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Abstract
Using the biogeochemical model denitrification/decomposition (DNDC), the dynamic changes of soil organic carbon (SOC) of 
farmland from the 1980s to 2030s were investigated in Huantai County, a typical intensive agricultural region in the Huang-
Huai-Hai Plain of China.  Prior to modelling, validation of the DNDC model against field data sets of SOC from Quzhou 
Experimental Station in the Huang-Huai-Hai Plain was conducted at the site scale.  We compared the simulated results with 
the observed SOC in Huantai County during 1982–2011 under two different classification methods of simulation unit (the first 
method integrated soil type and land use of Huantai County to form the overlapped modeling units; the second selected the 
11 administrative towns as the modeling units), and achieved a high accuracy in the model simulation with the improvement 
of the model parameters.  Regional SOC (0–20 cm) density and stocks for Huantai County in the years 2012–2031 were 
predicted under different scenarios of farming management.  Compared with current management practices, optimized 
fertilization (20% decrease of mineral N), crop straw incorporation (90%) and appropriate animal manure input (40 kg N ha–1 
yr–1) could achieve the highest level of SOC density (56.8% higher than 2011) in the period of 2012–2031.  The research 
highlighted the importance of crop straw incorporation, optimized N fertilization and integration of crop production with ani-
mal husbandry on the farmland carbon sequestration for maintaining a high land productivity in the Huang-Huai-Hai Plain. 
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1. Introduction
Soil organic carbon (SOC) dynamics in farmland reflect the 
comprehensive impact of various factors including climate, 
soil and farming practices (Triberti et al. 2008; Chabbi et al. 
2009; Jagadamma and Lal 2010; Brar et al. 2013), of which 
farming practices could have a significant effect within a 
short period.  Crop straw incorporation, animal manure 
application and non-/reduced tillage are the most effective 
measures so far determined worldwide for increasing the 
Received  28 April, 2015    Accepted  6 January, 2016
LIAO Yan, Mobile: +86-18911764170, E-mail: ly_liaoyan@163.
com; Correspondence MENG Fan-qiao, Tel: +86-10-62731538, 
E-mail: mengfq@cau.edu.cn
© 2016, CAAS. Published by Elsevier Ltd. This is an open 
access art ic le under the CC BY-NC-ND l icense (http:/ /
creativecommons.org/licenses/by-nc-nd/4.0/).
doi: 10.1016/S2095-3119(15)61269-2
1365LIAO Yan et al.  Journal of Integrative Agriculture  2016, 15(6): 1364–1375
SOC level (Follett 2001; Carter 2002; Lal 2005; Lenka and 
Lal 2013).  In addition, greater amounts of nitrogen (N) 
fertilizer application can enhance the growth of crops and 
therefore the available organic matter that can be incorpo-
rated into the soil to enhance the SOC (Lakaria et al. 2012; 
Powlson et al. 2012; Aguilera et al. 2013).  Understanding 
SOC changes due to farming practices in developing coun-
tries like China, where agriculture has undergone a rapid 
intensification process during the past three decades, may 
help the farmers and local technicians to increase SOC 
stock and maintain high crop productivity (Pan et al. 2009).
Huang-Huai-Hai Plain (or North China Plain), including 
Beijing, Tianjin, Shandong, Hebei, and Henan, covers 
27% of the nation’s farmland but produces 60–80% and 
35–40% of nation’s wheat and maize, respectively (NBSC 
2014).  The plain has experienced a quick switch to inten-
sive agriculture since the 1980s as the Household Contract 
Responsibility System was implemented in rural areas of 
China.  Agriculture in this region has been characterized by 
a high fertilizer input (about 500 kg N ha–1 yr–1) in the 2010s, 
which was even higher in the 1990s (amounting to 600 kg 
N ha–1 yr–1 for wheat/maize).  Irrigation, mainly in the wheat 
season due to drought and little rain, was used about 3–6 
times and more than 3 700 m3 ha–1 in total (Wang 2011).  A 
high grain output (15 000 kg grain of winter wheat (Triticum 
aestivum L.) and summer maize (Zea mays L.) ha–1 yr–1) 
was achieved.  Annual tillage (after autumn harvest) and 
crop straw incorporation (Wu et al. 2003; Kong et al. 2013) 
were also commonly adopted.  The development of intensive 
agriculture has contributed significantly to securing a reliable 
food supply and improving the SOC (Liang et al. 2012; Dai 
et al. 2013).  However, negative impacts also occurred 
during this intensification process, including the loss of N 
into water systems, atmosphere and deep soil layer (Chen 
et al. 2004; Ju et al. 2006, 2009; Zhang et al. 2011). 
One critical question to be answered is: Will the SOC 
increase in the Huang-Huai-Hai Plain continue in the future 
and what will it be under changing farming schemes?  The 
answering of this question will help to establish sound man-
agement with the holistic goal of agriculture development 
in the region, i.e., enhancement of ecosystem service like 
SOC improvement and maintaining high grain production. 
There are two ways in which changes in SOC under different 
farming practices can be measured or predicted: experiment 
observation (Poulton 1996; Smith et al. 1997) and modeling 
(Blanco-Canqui and Lal 2009; Alvaro-Fuentes et al. 2012; 
Smith et al. 2012).  The biogeochemical mechanism model, 
denitrification/decomposition (DNDC), based on the four 
concepts of biogeochemical abundance, field, coupling 
and cycling, and the understanding of the mechanism of 
the migration and transformation processes of carbon and 
nitrogen elements in the soil, can trace and simulate the 
biogeochemical behavior of carbon and nitrogen in the ag-
ricultural ecosystem and make predictions on long-term soil 
fertility change (Li 2001, 2007).  Previous work has shown 
that the use of DNDC has been promising in China for SOC 
simulation and determination of greenhouse gas emissions 
(Zhang et al. 2006; Wang et al. 2008; Qiu et al. 2009; Li et al. 
2010).  In this study, Huantai County, Shandong Province, a 
typical intensive agricultural county in the Huang-Huai-Hai 
Plain, was selected for modeling.  We aimed to 1) validate 
the DNDC model for modeling SOC change due to farming 
measures and 2) predict the SOC change for the coming 
decades under different scenarios of farming management 
practices.
2. Results
2.1. DNDC model validation for site simulation
Data from the long term experiment station located in Qu-
zhou County, Hebei Province (Quzhou station) was used 
to validate the DNDC model.  Quzhou County is located at 
the same latitude as Huantai County, has similar natural 
conditions and similar farming systems as Huantai County. 
Quzhou has 543 mm of precipitation and 201 frost-free 
days annually.  Annual mean temperature is 13.2°C.  The 
soil developed from the alluvial deposits of the Yellow River 
basin is Camisol.  Winter wheat and summer maize are also 
the typical crops in this region.
Two N levels for the experiment, N1 (135 kg N ha–1 yr–1) 
and N2 (270 kg N ha–1 yr–1), were selected to simulate the 
SOC change from 1985 to 2001.  The correlation coefficients 
between the simulated and field values for N1 and N2 were 
0.9431 and 0.9590, respectively, both reaching the very 
significant level (P<0.01).  The values of  root mean square 
error (RMSE) for the simulation of the two treatments N1 and 
N2 were 5.44 and 5.87, respectively.  The values of model 
efficiency (EF) were 0.88 and 0.84, respectively (Fig. 1). 
This indicated the good consistence between the simulated 
and the measured data for the SOC.  This was similar to 
other previously published research, which reported that the 
DNDC model could successfully simulate the SOC change 
due to farming practices (Wang et al. 2004).
2.2. DNDC model validation for regional simulation
For the regional simulation, two methods of modeling units 
were adopted in our study.  The first method integrated the 
soil type and land use of Huantai County using the overlay 
command of the spatial analysis tools in ArcGIS.  There were 
18 soil types (Fig. 2-A) and 6 types of land use (Fig. 2-B) in 
Huantai, and the combination of them formed 104 combi-
nations of soil-land use.  As the wheat-maize rotation was 
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the dominant cropping system in Huantai, only the cropland 
with wheat-maize was chosen for the simulation.  Finally, 
18 combination types (18 types of soil and the cropland) 
were obtained as modeling units in the simulation (Fig. 2-C), 
together with the area of each combination type that was 
calculated using the spatial statistical tool in ArcGIS.  The 
second method selected the 11 administrative towns as 
the modeling units (Fig. 2-D).  In each modeling unit it was 
assumed that the main soil parameters, including initial SOC 
content (g C kg–1), bulk density (g cm–3), clay content (%), 
and pH value were evenly distributed, and farm management 
practices were considered to be uniform.
We set two scenarios in the SOC simulation to test the 
sensitiveness of the DNDC: scenario 1 with no crop straw 
incorporation and nitrogen fertilization rate of 380 kg N 
ha–1, the situation from the mid-1980s until 2011 without 
any change over time; and, scenario 2 as the real situation 
in which crop straw incorporation started in 1988 and the 
covered area gradually increased in the later years, reaching 
90% of total farmland in the county in 2008.  The N fertiliza-
tion rate data were the same as the actual fertilizer applica-
tions, which were listed in farming management practices 
mentioned above.  The simulated data for regional SOC for 
1987, 1992, 1997, 2002, 2007, and 2011 were chosen to per-
form the correlation analysis with the measured data.  From 
scenario 1 to scenario 2 (increasing parameter accuracy), 
the simulated values were more consistent with the observed 
values in the two different modeling units, and R2 values also 
increased from 0.0471 to 0.4497 (n=99) and from 0.0920 to 
0.6213 (n=61) in the first and second methods, respectively 
(Fig. 3).  This indicated that the DNDC model could identify 
impacts on regional SOC due to changes in farming method. 
Generally, the farming practices were more similar for farm-
ers who were located close together within the same village 
or town; when adopting the second method, i.e., adopting 
the administrative town as modeling unit, the farming man-
agement practices in the same administrative towns were 
also similar.  Therefore, the SOC dynamic change was a 
better reflection of the actual situation, and we obtained a 
higher simulation accuracy (R2=0.6213, RMSE=13.07 kg C 
ha–1) from this modeling unit, compared to that (R2=0.4497, 
RMSE=16.21 kg C ha–1) of the overlapped modeling unit 
by soil type and land use type under the same condition of 
farmland management practices.
Crop biomass production was also obtained through the 
DNDC modelling and this could assist the validation of the 
model.  The simulated grain yields were compared with 
the measured annual average yields of winter wheat and 
summer maize, and the relative errors were also calculated 
(Appendixes A and B).
2.3. Prediction of SOC change for the coming de-
cades 
Evolution of farming management in Huantai County  
As stated previously, Huantai has experienced intensive 
changes in agricultural processes with higher input, irrigation 
and crop straw incorporation during the past three decades. 
The N rate has increased from <300 kg N ha–1 in the 1970s to 
400 kg N ha–1 in the 1980s and reached 600 kg N ha–1 in the 
1990s.  In the 2000s, as a formula fertilization program was 
implemented, the N rate gradually declined to 400–500 kg 
N ha–1 (Fig. 4-A).  The high input of N fertilizer has been 
typical farmland management in Huantai during the past 
decades, and it is likely that the high N application rate will 
be maintained for years; hence, we predicted that for the 
coming decades the level of mineral N fertilizer will be kept 
at 400–500 kg N ha–1 yr–1.  It will also be possible for a rate 
of less than 400 kg N ha–1 yr–1 to be achieved through the 
county as precision farming technologies are disseminated. 
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Fig. 1  Simulation of soil organic carbon (SOC) change at different application rates of N fertilizer in Quzhou County, Hebei Province. 
A, N1=135 kg N ha–1 yr–1.  B, N2=270 kg N ha–1 yr–1.  RMSE, root mean square error; EF, model efficiency.
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Fig. 2  Modeling unit of Huantai County.  A, soil type.  B, land use type.  C, land use and soil type.  D, administrative town.  BA, 
alluvial brown earth; BD, alluvial meadow cinnamon soil (light loam texture, homogeneous); BG, alluvial meadow cinnamon soil 
(medium loam texture, homogeneous); BH, alluvial meadow cinnamon soil (medium loam texture, thick core structure); BJ, alluvial 
meadow cinnamon soil (light loam texture, thick-waist structure); BL, alluvial meadow cinnamon soil (heavy loam texture); CC, 
alluvial soil (light loam texture); CD, alluvial soil (medium loam texture); CE, lacustrine wet alluvial soil (heavy loam texture); CH, 
river alluvial soil; CI, salinized alluvial soil (light loam texture); CJ, salinized alluvial soil (medium loam texture); CK, lacustrine 
black alluvial soil; CM, lacustrine wet alluvial soil (medium loam texture); GB, lime concretion black soil with black soil exposed; 
GC, lime concretion black soil covered by thin loess (medium loam texture); GD, lime concretion black soil covered by thin loess 
(light clay texture); GF, lime concretion black soil covered by thick loess.  1 represents land use type of cropland.  MQ, Maqiao; 
JJ, Jingjia; QF, Qifeng; CZ, Chenzhuang; TZ, Tianzhuang; XJ, Xingjia; XC, Xincheng; TS, Tangshan; SZ, Suozhen; ZJ, Zhoujia; 
GL, Guoli.  The same as below.     
In addition, animal production will increasingly rely on rich 
sources of grain and straw produced locally.  In 2011, the 
animal manure sourced N was about 5 021 t in Huantai 
County.  Considering the higher demand for N fertilizer by 
vegetable production (700–800 kg N ha–1 yr–1) in the region, 
the quantity of N fertilizer required for vegetable production 
in Huantai County will be about 3 733 t.  For grain produc-
tion, the average animal manure input can be at the level 
of 40–60 kg N ha–1.  In 1988 the incorporation of crop straw 
commenced, and about 90% of the total cropland produces 
wheat straw that has been incorporated until the present. 
Maize straw incorporation was only implemented on 30% 
of farmland in Huantai in 2005, and this proportion reached 
90% in 2008 due to regulation requirements (Fig. 4-B). 
However, since 2010, the use of maize straw in processed 
feedstuff was initiated by local companies aiming to recycle 
maize straw by animals (cattle), and the cattle manure will 
be returned into cropland as fertilizer.  We predicted that 
in the coming decades, wheat straw incorporation will be 
maintained at 90% of total farmland, but for maize straw this 
will be less than 50%.   
Predicted SOC densities between 2012 and 2031 under 
different farming management scenarios  Considering 
the above evolution of farming management locally, we 
established the possible farming management scenarios for 
the next 20 years in Huantai County (Table 1).  Among the 
five scenarios, the current scenario was the conventional 
cropland management practice obtained from the survey 
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data in 2011, in which the annual N fertilizer rate is 500 kg 
N ha–1 and straw return proportion is 90%, without manure 
application.  In scenario A, the straw return proportion de-
creases to 70% and the other farming measures were the 
same with those in the current scenario; the N fertilizer rate 
in scenarios B, C and D decreases to 400 kg N ha–1, while 
the straw return proportions and annual manure application 
amounts in the three scenarios were set to 90% and zero 
input, 70% and 60 kg N ha–1 and 90% and 40 kg N ha–1, 
respectively.
It has been acknowledged that climate warming will be 
a global trend in the future, which will certainly have an 
effect on SOC change.  Based on previous research (Lin 
et al. 2006; Fu et al. 2009; Mo et al. 2012), we adopted 
the annual temperature increase rate of 0.033°C yr–1 and 
annual precipitation increase of 0.25% yr–1 for the period of 
2012–2031, with baseline data from 1982 to 2011 in Huantai 
County.  The administrative towns were used as the simu-
lation units due to higher modeling accuracy. 
Within 20 years from 2011, the SOC density increase 
ranged from 47.9% (current scenario) to 56.8% (scenario D), 
while scenario A only had an increase of 38.0%.  Compared 
with the current scenario, scenario A even decreased the re-
gional SOC stock (0–20 cm) by 6.7% over the two decades. 
Scenario B could only maintain a similar SOC stock to the 
current scenario.  Scenario D, which maintained 90% of the 
straw incorporation and 40 kg N ha–1 yr–1 of animal manure 
input, had the highest increase in the SOC stock (6.0%) 
among all the scenarios (Table 2). 
Spatial distribution of SOC densities in 2031 under 
different farming management scenarios  The spatial 
distribution of SOC density for farmland (0–20 cm) in Huantai 
County in 2031 under the five types of different farmland 
management measures, which were predicted via the DNDC 
model after modeling time for 20 years from 2011, were 
drawn using ArcGIS software (Fig. 5).
Farmland SOC density in the west of Huantai County 
was higher than that in the east, and the south was higher 
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than the north. The SOC densities of three towns, Xincheng 
town (XC), Guoli town (GL) and Maqiao town (MQ), were 
the highest among the 11 towns.  SOC densities in the 
three towns were between 53.9 and 56.4 Mg ha–1 under the 
current scenario, which were 9.5–14.6% higher than that in 
Tianzhuang (TZ), the town with the lowest SOC density in 
the county.  Under scenario A, which had the lowest growth 
rate for the SOC density, the three towns were between 50.5 
and 53.0 Mg ha–1, while being between 57.2 and 59.7 Mg 
ha–1 under scenario D. 
3. Discussion
N fertilizer plays a vital role in maintaining a high grain yield 
on the Huang-Huai-Hai Plain; however, much research 
suggested that there was an excessive application of N 
fertilizer in the region that causes environmental problems, 
such as resource waste, pollution of groundwater and air 
pollution (Cai et al. 2002; Liu et al. 2005; Cui et al. 2010). 
The research found that a reduction in the N rate by 30% 
(based on 550–600 kg N ha–1 yr–1) in this region would not 
decrease crop yield (Ju et al. 2009).  As excessive N fertilizer 
is applied, a much higher carbon input is needed to maintain 
the soil’s carbon balance (Wang et al. 2010).  Therefore, 
reducing the application rate of N fertilizer by 20% could 
result in multiple benefits, including decreased agricultural 
production costs, maintaining stable and high crop yields, 
decreasing the risk of soil N leaching, improving the utiliza-
tion efficiency of N and reducing the risk of water pollution.
The DNDC simulation results indicated that the cropland 
SOC content could be effectively increased when there was 
an annual manure input of 40–60 kg N ha–1 (scenarios C 
and D).  Annual manure was mainly from livestock excreta, 
and the current rate of 40–60 N kg ha–1 could be achieved 
throughout the county, as animal husbandry increased 
Table 1  Farming management scenarios within 20 years from 2011 in Huantai County
Scenario Mineral N fertilization (kg N ha–1 yr–1) Crop straw incorporation of total cropland (%) Animal manure (kg N ha–1 yr–1)
Current 500 90 0
A 500 70 0
B 400 90 0
C 400 70 60
D 400 90 40
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Fig. 4  Evolution dynamic of mineral N rates (A), proportion of 
crop straw incorporation farmland to total farmland area (B) in 
Huantai County from 1982 to 2011.
Table 2  Predicted changes of SOC density and stock under different farming management scenarios within the coming decades
Period (yr) Current scenario Scenario A Scenario B Scenario C Scenario D
SOC density (Mg C ha–1) 10 44.8 42.4 44.8 45.4 46.9
20 48.7 45.5 48.7 49.8 51.7
SOC stock (Tg) 10 1.1 1.0 1.1 1.1 1.1
20 1.2 1.1 1.2 1.2 1.3
Relative increase of SOC density 
compared with 2011 (%)
10 36.0 28.6 36.0 37.7 42.2
20 47.9 38.0 47.9 51.0 56.8
Relative increase of SOC stock 
under different scenarios compared 
with current scenario (%)
10 –5.4 0.03 1.3 4.6
20 –6.7 0.00 2.1 6.0
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within the past years (Qiu and Wang 2012).  Manure has a 
low nutrient content, for instance N contents of chicken and 
pig manure are only about 18.0 and 12.8% (Li et al. 1996), 
respectively, which are much lower than 46% in urea.  This 
means to achieve the same level of nutrient input as min-
eral fertilizers, a much higher amount of manure is required 
and its application is labor intensive.  The negative impacts 
of animal manure application, particularly the risk of high 
nitrate leaching from soil, should be considered (Shepherd 
and Newell-Price 2013).
Straw incorporation can offer a substantial contribution to 
improve SOC in Huantai by adding exogenous organic car-
bon to farmland (Freibauer et al. 2004; Lugato et al. 2006). 
The effect of straw incorporation in combination with animal 
manure on increasing the SOC content was better than a 
high rate of straw return alone (Jin et al. 2010).  In Huantai, 
there are rich straw resources (about 8 000 kg C ha–1 yr–1). 
The incorporation of straw into farmland in Huantai and on 
the Huang-Huai-Hai Plain will substantially promote SOC 
enhancement in the future.
Overall, the simulation accuracy of SOC was influenced 
by the sensitive factors such as temperature, precipitation, 
soil bulk density, texture, and fertilization.  The factors, 
including rainfall N and atmosphere background NH3, had 
weak effect on SOC dynamic change.  Hence, we did not 
change the concentrations of these two factors in different 
predicated stages during the DNDC modelling.  There were 
two possible sources of errors in the modelling.  The first 
error was in the model itself: SOC dynamic change is a rather 
complex process, and it was simplified when using the model 
to simulate SOC content.  The other is from the parameters, 
particularly for the regional simulation.  For natural conditions 
in the actual area, such as physicochemical properties of 
the soil, climate conditions and farmland management, the 
measures were not uniform, while the assumption was that 
the simulation unit was completely consistent within each 
modeling unit and this led to errors.  To achieve a higher 
simulation accuracy for the SOC via the DNDC model, more 
accurate regional parameters need to be provided.
4. Conclusion
Quantification of regional SOC changes due to farming 
practices is vital for the integrated evaluation of agricultural 
productivity and carbon sequestration.  Model simulation 
is useful to understand long-term dynamics of SOC due to 
changes of farming management practices.  In this study, 
the performance of DNDC is quite good in simulating SOC 
at local and regional scale, and it could be improved with 
increases in parameter accuracy.  Within 20 years from 2011, 
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SOC density could be increased by 56.8% under the scenar-
io of the optimized N fertilization, 90% straw incorporation 
and 40 kg N equivalent animal manual ha–1.  Reduced straw 
incorporation would substantially decrease the SOC density 
and stock in the region.  The integration of animal husbandry 
with crop production, which has been increasingly prac-
ticed on the Huantai County and Huang-Huai-Hai Plain, is 
significant for SOC enhancement and resources recycling. 
There should be more long-term experiments to validate 
and improve the efficacy of the DNDC model in the future, 
which will help to promote the appropriate management of 
regional agricultural production and carbon sequestration. 
5. Materials and methods
5.1. Study area
Huantai County (36°54´–37°04´N, 117°50´–118°10´E) lies 
in the eastern Huang-Huai-Hai Plain, China (Fig. 6).  It 
has a temperate continental monsoon climate, with annual 
average temperature of 13.4°C and annual precipitation of 
604 mm, which is concentrated in June, July and August. 
The frost-free period is about 198 days.  The terrain is low 
in the north and high in the south with an average altitude 
of 6.5–29.5 m above sea level.  The county covers an area 
of about 510 km2, among which 67% is farmland; and in 
the farmland, nearly 80% is planted with the main crops 
of wheat and maize, and the other 20% is vegetables and 
fruits (Wu et al. 2003).  The main soil types are Haplustalfs, 
Aquents and Vertisols, according to the US soil classification 
system.  Huantai County is a typical high-yield agricultural 
area in the North China Plain, with a winter wheat-maize 
rotation system of two crops a year.  In 1990, it became 
the first Dunliangtian (1 t of wheat and maize grain mu–1, 
1 mu=0.067 ha) County in northern China. 
5.2. DNDC model
The DNDC model consists of two parts: The first part has 
three sub-models including soil climate, crop growth and 
soil organic matter decomposition, which simulates the soil 
environmental condition according to ecological driving fac-
tors; and, the second part is made up of three sub-models 
including nitrification, denitrification and fermentation, which 
simulate the effects of the soil environmental condition on 
microbe activity and corresponding dynamic change of 
soil carbon and nitrogen (Li 2001).  The model is based 
on two classical formulas, the Nernst equation Eh=Eo+RT/
nF×ln([O]/[W]) (Stumm and Morgan 1981) and the Mi-
chaelis-Menten equation R=Rmax×DOC/(Ka+DOC)×[O]/
! ! !
!
!
!
!! !
!
! ! !
!
!
! ! ! !
! ! ! !
! !
! ! ! !
!
! ! ! ! !
! ! ! !
! !
! !
! !
!
! ! !
! ! !
!!
! ! ! ! !
!
!!
! !
!
!
! !
!
!
!
!
!
! !
!! ! !
! !
!
! ! ! !
!
!
!
!
! !
! !
! ! ! !
!
!
!
!
!
!
!
!
!
!
!! !
! !
!
! !
!
!
! !
!
Xiaoqing River
Dongzhulong River
Xizhulong River
Wu River
ZJ
XC
GL
TS
CZ
MQ
SZ
XJ
TZ
JJ
QF
118°8´0´´E118°4´0´´E118°0´0´´E117°56´0´´E117°52´0´´E
37°4´0´´N
37°0´0´´N
36°56´0´´N
36°52´0´´N
0 5 10 km
Legend
! Sample point
Town
Waters
N
Fig. 6  Map of the study area of Huantai County, Huang-Huai-Hai Plain, China.  
1372 LIAO Yan et al.  Journal of Integrative Agriculture  2016, 15(6): 1364–1375
(Kb+[O]) (Paul and Clark 1989), which can describe the 
interactions between the driving factors and the microbial 
activities, and hence can simulate the carbon and nitrogen 
biogeochemical cycle (Li 2007).  The DNDC model has been 
widely applied, and has been considered to be one of the 
most successful models in simulating the biogeochemical 
cycle (Kurbatova et al. 2008).
5.3. Data collection
The DNDC model runs in two forms (site simulation type 
and region simulation type) and the main input parameters 
include four aspects (meteorology, soil, crop and farmland 
management).  For the site simulation, the four types of 
parameters are input (Table 3). 
For region simulation, there are two databases contain-
ing the input parameters: the parameters of soil, crop and 
farmland management are set into geographic information 
system (GIS) database, which consists of 10 folders, such 
as Climatesoil, CropArea and CropParameter (ver. 95), and 
the meteorological parameters are collected in Lib_clim 
database.  Before compiling the database, it is necessary 
to divide the study region into modelling units, such as 
polygons or grid cells, which are considered to have uniform 
climate and soil conditions.  The resolution of the polygon or 
grid system depends on the resolution of the coarsest data 
among the acquired input datasets.  The main parameters 
for the regional simulation in Huantai are as follows:
Climate  The climate data of Huantai for the period of 
1982–2011 included daily maximum temperature, daily 
minimum temperature and daily precipitation data.  It was 
obtained from the China Climatic Data Center, National 
Meteorological Information Center, CMA (http://cdc.cma.gov.
cn), and the meteorological parameters are compiled in the 
Table 3  Main parameters used in denitrification/decomposition (DNDC) model for the site simulation
Type Main parameter Value
Climate Latitude (°) 36.87
N concentration in rainfall (mg L–1)1) 3.53
Atmospheric background NH3 concentration (µg N m
–3) 5
Atmospheric background CO2 concentration (mg kg
–1) 345
Annual increase rate of atmospheric CO2 concentration (mg kg
–1) 1.4
Soil Texture Silty clay loam
Bulk density (g cm–3) 1.48
pH 8
Field capacity/WFPS 0.60
Wilting point/WFPS 0.26
Clay fraction 0.33
Hydro-conductivity (m h–1) 0.015
Porosity 0.4415
SOC (g kg–1) 3.83
Soil total N (g kg–1) 0.4
Crop Maximum biomass (kg C ha–1) Maize, 3 900; wheat, 3 200
Biomass fraction (grain/stem&leaf/root) Maize, N1, 0.38/0.51/0.11;
Maize, N2, 0.38/0.52/0.10;
Wheat, N1, 0.50/0.42/0.08;
Wheat, N2, 0.50/0.43/0.07  
Biomass C/N ratio (grain/stem&leaf/root) Maize, 40/100/80;
Wheat, 25/85/75
Total N demand (kg N ha–1) Fault in the model 
Thermal degree days (°C) Maize, 2 200; wheat, 1 500
Water demand (g water g–1 dry matter) Maize, 150; wheat, 120
Tilling data (mon-d) 10–13
Tilling method Ploughing with moldboard, 20 cm
Farming management 
practice
Planting data/Harvest data (mon-d) Maize, 6–25/10–10;
Wheat, 10–15/6–10 (the next year)
Straw incorporation 0
Fertilization data (mon-d) 4–1; 6–25; 7–30; 10–15
Fertilizer applied amount (kg ha–1) N1, 33.75; 33.75; 33.75; 33.75
N2, 67.5; 67.5; 67.5; 67.5
Irrigation data (mon-d) 4–1; 5–20; 7–30; 10–13; 11–30
Irrigation amount (mm) N1, 45; 41.25; 45; 52.5; 45
N2, 45; 41.25; 45; 52.5; 45
1) Data from Liu (2004).
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Lib_clim database.  According to the previous studies (Lin 
et al. 2006; Fu et al. 2009; Mo et al. 2012), the temperature 
and precipitation in northern China will both rise in the future; 
and in the SOC prediction, the temperature and precipitation 
for the period of 2012–2031 are supposed to increase at 
the rate of 0.033°C yr–1 and 0.25% yr–1, with the baseline 
climate data from 1982–2011.
Soil  In Huantai, the topsoil (0–20 cm) attributes of 18 typical 
soil profiles were analyzed during the Second National Soil 
Survey in 1982.  Soil organic carbon, bulk density, clay con-
tent, and pH value are used as the base data for the regional 
simulation, and are compiled in the ClimateSoil file of the 
GIS database.  In the SOC prediction, data (123 samples) 
for the baseline SOC content and soil bulk density were from 
our own measurements in 2011 (Fig. 6), and data (734 sam-
ples) for the pH value were measured in 2009 which were 
provided by the Huantai Agricultural Bureau; texture data 
(44 samples) came from our own measurements in 2003.
Crop  The wheat-maize rotation system dominates the 
cropping systems in Huantai.  For wheat, the growth period 
is from early October to early June of the following year, and 
for maize, it is from early June to late September; a rotary 
tiller is used each year in the autumn before sowing of the 
wheat crop to till the soil.  Crop straw incorporation after 
harvest was implemented in the county since 1988, and the 
proportion was input in the model.
Farming management practices  In Huantai, the average 
nitrogen application rate was from about 400 kg N ha–1 yr–1 
in the 1980s to 600 kg N ha–1 yr–1 in the 1990s and then 
declined to about 500 kg N ha–1 yr–1 since the 2000s.  For 
wheat, the fertilizer application was split evenly so that half 
was applied before sowing and the other half at the green 
returning stage.  Maize fertilization occurred three evenly 
spaced times for a total application of 250 kg N ha–1 yr–1. 
Wheat is irrigated four times per season with a total water 
amount of 3 000 m3 ha–1.  Maize is irrigated immediately after 
sowing with a water amount of 675 m3 ha–1. 
5.4. Statistical analysis
Three indicators, i.e., correlation coefficient (r), root mean 
square error (RMSE) and model efficiency (EF), were 
adopted in the model validation.  The r is the correlation 
degree between the simulated and the observed values, 
and its significance was calculated according to the t-test. 
The accuracies of the simulations were estimated using the 
RMSE and EF statistics.  A lower RMSE indicates a lower 
difference between the simulated and observed values, 
and an EF value of 1 indicates a perfect match between 
the predicted and observed values (Álvaro-Fuentes et al. 
2012; Wang et al. 2013).  The indicators were calculated 
as follows: 
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Where, P is the mean of the predicted values, Pi is the 
predicted values, O is the mean of the observed values, Oi 
is the observed values and n is the number of paired values 
(i=1, 2,…, n).
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